Seismic displacement of a geosynthetic-reinforced wall with full-height rigid panel facing (Tanata wall) in the 1995 Hyogo-ken Nambu earthquake is calculated using a pseudo-static method based on a 'multi-wedge' failure mechanism. The calculated value of horizontal displacement of the wall is comparable to the measured one. Based on an investigation into the effect of vertical ground acceleration to the seismic displacement of the wall using vertical and horizontal input ground accelerations in recorded seismograms, it is found that the contribution of vertical ground acceleration to the seismic displacement of the Tanata wall is small, because the peak horizontal and vertical ground accelerations are out of phase. Therefore, the use of peak vertical-to-horizontal ground acceleration ratio obtained in an earthquake event for pseudo-static multi-wedge analysis may overestimate the seismic displacement of a geosynthetic-reinforced wall to some extent. The effect of the embedment of the facing on the seismic displacement of the Tanata is also investigated. It is found that the effect of facing embedment to the seismic stability and/or displacement in the case of the Tanata wall is insignificant.
INTRODUCTION
A brand new geosynthetic-reinforced soil retaining wall system was developed for stabilizing the railway embankments in Japan in the early 1990's (Tatsuoka et al., 1992) . This new soil retaining system (called reinforced railway embankment with full-height rigid panel facing, or "RRR wall", see Fig. 1 ) consists of closely-spaced relatively short geogrids, backfill of sandy soil and a cast-in-place concrete (or reinforced concrete) full-height rigid panel facing. Due to its excellent costeffectiveness and seismic performance, its significance in the railway applications in Japan has been increasing. Special features of the RRR wall proposed by Tatsuoka (1993) include the following: (1) The use of a full height rigid panel facing eliminates local failure of the soil near the facing induced by possible insufficient lateral confinement as observed by Tatsuoka and Yamanouchi (1986) .
(2) The use of a two-stage construction technique eliminates differential settlement at the facing-soil interface. This eliminates possible stress concentrations at the facing-reinforcement connections due to the differential settlement between the soil and facing. ( 3) The use of the cast-in-place method results in high connecting strength between the reinforcement and the facing. This eliminates possible insufficient connecting strength associated with and/or resulting from the loss in integrity of the facing under seismic loading as observed by Huang (2000) and Huang et al. (2003) in the post-earthquake study of the damaged geosynthetic-reinforced modular block walls. About three years after the completion of a RRR wall near Tanata Station (called the Tanata wall subsequently), a major earthquake, the 1995 Hyogo-ken Nambu earthquake (Magnitude on Richter scale, ML = 7.2), struck this area, causing severe damage to many conveni) Professor , Department of Civil Engineering, National Cheng Kung University, Taiwan (samhcc@mail.ncku.edu.tw). ii) Graduate Student , ditto.
The manuscript for this paper was received for review on August 16, 2004 ; approved on July 20, 2005 . Written discussions on this paper should be submitted before May 1, 2006 to the Japanese Geotechnical Society, 4-38-2, Sengoku, Bunkyo-ku, Tokyo 112-0011, Japan. Upon request the closing date may be extended one month. tional type soil retaining walls, such as: gravity-type and leaning-type walls, used for stabilizing the railway embankment in the same area. Nevertheless, the Tanata wall survived the major earthquake with only about 100 mm horizontal displacement at the foot and 260 mm at the top of the wall (Tatsuoka et al., 1996, see Fig. 2) . Only a minor retrofit measure was taken to fully recover the function of the railway embankment.
In the post-earthquake investigation of 1995 Hyogoken Nambu earthquake, Tatsuoka et al. (1997) and Koseki et al. (1999) found that in the severely shaken area where the Tanata wall is located, more than 50% of the wooden houses completely collapsed after suffering from the earthquake with a Japanese seismic intensity scale of 7, the greatest value ever officially reported. Tatsuoka et al. (1998) estimated that the peak horizontal ground acceleration (PHGA) during the earthquake in that area based on the contours of PHGA reported by Sato (1996) , was 0.8g (g: acceleration due to gravity). Ling and Leshchinsky (1998) calculated the seismic displacement of the Tanata wall based on a horizontal sliding-alongbase mode using Newmark's sliding block theory (Newmark,1965 ) and a North-South (NS) component of horizontal ground acceleration (PHGA = 0.42g, g: gravitational acceleration) recorded at Higashi Nada station which is located about 2 km west of the Tanata wall. In addition, a high value of 'A' ( = -adah, 'a,' and `a l,' are vertical and horizontal ground accelerations, respectively. ')' is positive for upward-outward inertial force) was used to calculate the seismic displacement of the Tanata wall in the 1995 Hyogo-ken Nambu earthquake. To evaluate the seismic behavior of the Tanata wall adequately, the following issues must be addressed: 1. The Tanata wall has a rigid concrete panel facing which has an embedded depth of 0.5 m (Fig. 2) . Therefore, the validity of the assumption of no depth of embedment and a sliding-along-the-base of the reinforced soil zone, as reported by Ling and Leshchinsky (1998) has to be investigated. A failure mechanism taking into account the depth of embedment and the associated passive resistance in front of the wall has to be utilized. This is a major issue investigated in the present study. 2. Ling and Leshchinsky (1998) used a high value of 'A ( = 0.9)' based on the peak values of the 'a,' and 'an' which were found at different times in the accelerograms. It has been shown by Huang and Chen (2005) as well as in the following, that peak values of `a y', 'al,' and 'A' may not occur simultaneously. This observation is consistent with the conclusion made by Bathurst et al. (2002b) who conducted a comprehensive literature review on the time coincidence between the peak vertical and horizontal ground accelerations. They found that current seismic design guidelines for mechanically stabilized soil retaining walls in North America and Japan assume that peak vertical and horizontal ground accelerations are not time coincident, however, engineering judgment must be excised in selecting a vertical seismic coefficient (or, 'A') in pseudo-static seismic analyses for near-fault structures. 3. The shear resistance increase at the base of the facing due to its self-weight has been considered the only structural function of the facing on the seismic stability of the wall, in the studies by Ismeik and Guler (1998) and Ling and Leshchinsky (1998) . Other effects, such as: the anchorage of the facing by the reinforcement, which has a similar effect as the increase of shear resistance at the facing base, and the development of a potential failure line associated with the embedment of the facing should also be considered. The present study uses a modified twowedge method (called the multi-wedge method), as shown in Fig. 3 , to account for the effects of facing which were ignored in the aforementioned studies. 4 Bathurst, 1998) require that the local stability of the facing components fulfill specific safety requirements based on the pseudo-static equilibrium of the facing components. However, the increase of the global seismic stability (i.e., the enhancement of the seismic performance for the soil retaining system including facing and backfill soils) by increasing the mechanical functions of the facing components (e.g., the shear strength of facing or the connecting strength at the facing-reinforcement interface) cannot be evaluated quantitatively based on these guidelines. The 'multi-wedge' pseudo-static analysis developed in the present study eliminates the aforementioned problems by introducing a unique safety factor against shear failure along the multiwedge potential failure line. A similar approach has been used by Leshchinsky et al. (1995) in the design of geosynthetic-reinforced slopes and walls with segmental facings for statical loading conditions. Bathurst and Hatami (1998) investigated the seismic response of a 6 m-high idealized geosynthetic-reinforced soil retaining wall with a continuous stiff facing using a finite difference program `FLAG' . They point out that both magnitude and distribution of dynamically induced loads are influenced by the constraint conditions of the wall base. This infers the importance of the embedment depth of the wall to the dynamic response of the reinforced soil walls. Bathurst et al. (2002a) examined the deficiencies in current seismic design methodologies for reinforced soil walls using reduced-scale shaking table tests. In addition to the factors, such as: the amplification effect on the design value of seismic earth pressure and the effect of downward drag force immediately behind the facing to the connecting force and the vertical load at the toe of the wall, they investigated the contribution of the restrained toe to the seismic stability of the wall using a hinged and a free-sliding stiff panel walls. They found that a horizontally restrained toe acts to reduce the seismic displacement of the wall and the total load in the reinforcing layers. In practice, the horizontal restraint of the toe may partially come from the passive zone adjacent to the toe of the wall, or come from the soil nails extended into the backfill or base of the wall, as reported by Huang et al. (2000) . Huang and Chen (2004) investigated two leaning-type soil retaining walls on hillsides which were severely damaged during the 1999 Chi-Chi earthquake (ML = 7.3) in Taiwan. They performed pseudo-static limit equilibrium analyses based on the lateral sliding and bearing capacity failure modes of the wall. The lateral sliding failure mechanism consists of a two-wedge active failure, a direct sliding failure at the concrete wall base, and a triangular passive failure wedge in front of the wall facing. They concluded that passive resistance at the toe of the wall has a great influence on the seismic stability (or displacement) of the wall. To facilitate seismic design for reinforced soil walls, experimental and analytical studies must be performed to investigate the effect of passive soil resistance on the seismic performance of reinforced soil retaining walls. In practice, the passive resistance at the toe of walls with stiff panel facing is often ignored for a conservative design. It is noted, however, in a back-analysis for the wall with passive zone at its toe, the passive resistance cannot be ignored.
FAILURE MECHANISM AND CRITICAL SEISMIC COEFFICIENT
The 'multi-wedge' failure mechanism used in the present study consists of a triangular failure wedge in the unreinforced soil zone, a trapezoidal failure wedge in the reinforced soil zone, a triangular passive failure wedge in front of the wall and a failure line along the base of the wall as shown in Fig. 3 . This failure mechanism is a modified version to the 'two-wedge method' proposed by Jewell et al. (1984) and Schmertmann et al. (1987) and was validated by Huang et al. (2003) and Huang and Chen (2004a) in the post-Chi-Chi earthquake study on four geosynthetic-reinforced modular block walls. For a trial-and-error potential failure mechanism as defined by IP (i= 1-5) in Fig. 3 , force equilibrium equations for both horizontal and vertical directions are solved to obtain the inter-wedge forces 'PBF' and 'Pr' (PBF: force applying at the interface between wedges 'B' and 'F'; Pp: passive resistance applying at the toe of facing). The seismic active thrust `PF' is then calculated based on force equilibrium for wedge `F'. Finally, a virtual external force (PEX) applied horizontally at the outer face of facing is calculated based on force equilibrium for wedge W. The above calculation procedure is repeated using an adjusted value of Fs ( = Tf/T; If: shear strength of the cohesionless backfill soil according to the Mohr-Coulomb failure criterion, Tf = tan Os, Os: internal friction angle of soils, -C= tan 4mob, 4mob = mobilized internal friction angle of soils) until the calculated value of PEX is equal to zero (i.e., smaller than 0.1 kNim in the present study). A minimum value of Fs can be found when sufficient numbers of trial-and-error potential failure lines are examined using the above-mentioned procedure. It is Fig. 3 .
Failure mechanism and force equilibrium in the multi-wedge method noted that the total connecting strength (Tw) is taken into account in the limit equilibrium calculations for wedges `F' and facing . Based on the force vectors schematically shown in Fig. 3 , the connecting strength (Tw i and/or Tw) substantiates the seismic stability of the facing via counterbalancing the active force `PF' and the inertial force 'kb .WW' (WW: self-weight of the facing). This in turn reduces the value of PEX. A smaller value of PEX yields a greater value of Fs (or a lower value of Omob) in the sense that a smaller soil strength is required to maintain the limit equilibrium condition. In the limit equilibrium calculations, the forces ' TB', TF' and TBF', which represent the total reinforcement forces acting on the base of wedge 'B' , the base of wedge 'F' and the interface of wedges 'B' and 'F' , respectively, are the minimum value of the anchorage strength to the left and right sides of the failure line and the ultimate tensile strength (Tr). A detailed description on determining the reinforcement forces in the stability analysis is reported elsewhere (Huang et al., 2003) .
It is noted that a basic assumption used in the present pseudo-static analysis is that all the wedges are in phase when subjected to ground excitations. A similar approach has been used by Koseki et al. (1998b) and Ling and Leshchinsky (1998) . The discussion in the present study is limited to a simplified mechanism with all the wedges are in phase when subjected to earthquake excitations.
Five types of analysis are performed in the following to investigate the effect of various factors on the seismic performance of the Tanata wall: Analysis 1: A critical failure surface and a value of A = 0.9, as reported by Ling et al. (1998) , are used in the calculation of the critical seismic coefficient and the seismic displacement of the wall. No trial-and-error search for the critical failure surface has been performed. This analysis is to compare the results obtained in various studies. In this analysis, neither wall embedment nor passive resistance at the foot of the wall has been considered. Analysis 2: A multi-wedge failure mechanism as shown in Fig. 3 and A= 0.9 are used. A trial-and-error search is conducted for deriving the critical failure surface and the values of safety factor F. This analysis is to investigate the difference in the critical seismic coefficient (khe) and the displacement of the wall obtained from the multiwedge and the direct sliding failure modes. Note that the passive resistance at the foot of the wall is taken into account in the analysis. Analysis 3: This analysis is similar to Analysis 2 except that A = 0.058 is used. The value of 'A' used here is based on the synthesized vertical and horizontal accelerations recorded in the 1995 Hyogo-ken Nambu earthquake. The reason for using A = 0.058 will be discussed in detail later. Fig. 4(a) . A simplified configuration of the Tanata wall effects of pressure level, strength anisotropy and progressive failure on the soil a along the failure surface are taken into account, as discussed by Huang and Tatsuoka (1994) . The effect of strain softening of the internal friction angle of soils on the seismic earth pressure has been studied by Koseki et al. (1998b) . Its effect on the seismic stability of soil structures has been studied by Okuyama et al. (2003) and Yoshida (2003) . The issue of employing 'peak' or 'residual' strength of soils in the analysis is beyond the scope of the present study. The values of 6 = 0/2-3 /44) has long been used in calculating seismic earth pressure and stability for soil retaining walls. It has been shown by the Japanese Geotechnical Society (1986) and Koseki et al. (1998a) that the effects of (varied between 4)/2 and 3 /4q) on the calculated values of active seismic earth pressure against the wall, and the stability (in terms of horizontal sliding and overturning) of the wall, are small. Figure 4( greater than that observed in the field (the observed value was c5,..= 100 mm at the toe of the Tanata wall as reported by Tatsuoka et al., 1996) . Note that the observed value of horizontal displacement at the crest of concrete facing
of the Tanata wall is 260 mm. Comparing this value to the 100 mm measured at the base of the Tanata wall, an overturning displacement of the facing can be detected. The overturning mode of the rigid panel facing may be a result of the local yielding (or bearing capacity failure) under the wall base as shown in a series of shaking table tests on conventional and reinforced soil model walls Watanabe et al., 1999) . Discussions on the overturning of the Tanata wall is beyond the scope of the present study, where we only focus on horizontal displacement of the wall. Figures 6(a)-6(c) show an otherwise similar calculations to those shown in Figs. 5(a)-5(c) except that khc = 0.453 obtained in Analysis 3 was used. A horizontal seismic displacement of Omax = 85 mm is obtained, which is comparable to Ornax= 100 mm observed in the field. The above investigations on the values of `lch: and O.' all revealed that for the Tanata wall, the input value of `.1' plays a critical role when evaluating the seismic performance using the proposed failure mechanism. It is clearly shown in Table 2 that the use of a near-peak value of .1 (= 0.9) results in a 227 mm of displacement which is 2.6 times the displacement calculated using the value of A. (= 0.0577) obtained at the moment of peak horizontal ground acceleration. Fig. 7(c) . Only the pulses with ah 0.2g are considered in the following analysis because the above- mentioned preliminary analyses all showed that the yielding ground acceleration of the wall is greater than 0.2g. The horizontal ground acceleration, the vertical ground acceleration and the corresponding value of 'A' at a certain time are presented using solid marks in Fig. 7(a) . Table 1 . A similar conclusions to that made in Fig. 7(c) can be obtained. That is, maximum and minimum values of 'A' at the moments of peak horizontal acceleration for the major pulses are significantly different from the extreme values of ' A,' (namely, `A.' and ' ) rnin') found in the same event. It is important to note that a very high value of has been used by Ling et al. (1998) for the seismic displacement analysis of the Tanata wall. This value of has been obtained by dividing the value of `ahma' using ' amx (a,x: maximum vertical ground acceleration) found in the records of NS and UD ground accelerations at Higashi Nada station (PHGA = 0.42g) in the 1995 Hyogo-ken Nambu earthquake. This approach is similar to that reported by Stewart et al. (1994) . It is obvious that the value of 'A' obtained, may greatly overestimate the effect of vertical ground acceleration in calculating displacement of the soil structures as demonstrated in Table 2 . Table 2 summarizes the calculated horizontal  displacement for the Tanata wall based on various assumptions.
EFFECT OF VERTICAL GROUND ACCELERATION
The critical failure surfaces used in the analyses are shown in Fig. 8 . Comparing the results of Analyses 3 and 4 shown in Table 2 , a negative value of A (namely, a down-outward inertia force) tends to reduce the seismic displacement of the wall compared to the displacement calculated using positive 'A'. This may be attributable to the reduced seismic earth thrust when using a negative value of 'A', as demonstrated by the Mononobe-Okabe's (M-0) earth pressure theory (Mononobe, 1924; Okabe, 1924) and some studies on the reinforced soil walls based on the M-0 theory (e.g., Bathurst et al., 2002) .
The calculation of seismic displacement of the wall using Analysis 5 is shown in Figs. 9(a) through 9(c). It can be seen that the seismic displacement of the wall is induced by one minor and three major spikes which are similar to those shown in Figs. 6(a)-6(c) . The resulting values of kh, shown in Fig. 9 (a) contradicts those calculated by Ling and Leshchinsky (1998) . In their study, the value of `lchc' decreased from about 0.45 at t = 0 sec (t: elapsed time for the seismogram) to 0.292 at t = 3.8 sec in a step-downward manner. It is interesting to notice in Fig. 9(a) that the values of `Ich,', calculated based on realtime values of 'A ', varied between 0.05 and 0.9 depending on the input values of T . However, only three spikes contribute to the seismic displacement of the wall (Fig. 9(b) ). The calculated value of O.= 64 mm is slightly smaller than the Omax = 85 mm calculated using constant values of 'A. = 0.0577' and `khc = 0.453'. Assuming that the difference between the calculated O., = 64 mm and the measured (5.= 100 mm is induced by inevitably uncertain factors, such as: the simplified nature of the analytical method and the input strength parameters of soils, etc., the results of this calculation strongly suggests that the 'operational' value of T which reflects the behavior of the Tanata wall can be smaller than `.1 = 0.0577' as used in Analysis 3. The calculated values of O. based on and real-time values of 'A,' strongly suggest that the effect of vertical ground acceleration (or the value of `.1: in the real earthquake event) on the seismic displacement of the Tanata wall is small because the peak 
EFFECT OF WALL EMBEDMENT
To investigate the effect of the embedment of the rigid facing of the Tanata wall, a series of analyses using a multi-wedge failure line passing through the base of the rigid facing has been performed. The assumption that the failure line passes through the base of rigid concrete facing is a reasonable assumption based on the observations in the field and model tests as reported by Tatsuoka Bathurst and Cai (1995) on the seismic active earth thrust on the geosynthetic-reinforced segmental walls based on the M-0 theory. They concluded that for kh < 0.35, the effect of kv on the active seismic earth thrust is insignificant. (3) The rate of increase of 'Fs' is higher when the value of `kh' is smaller. This implies that to enhance the seismic stability via increasing D/H is more effective for cases with a small input horizontal ground acceleration (namely, small `kh'). (4) The increasing rates of 'Fs' are higher when the values of D/H are greater. This is especially true for the cases of smaller `kh' (i.e., the cases of kh = 0.1 and 0.2). This implies that the use of wall depth to increase the seismic stability of reinforced soil wall is less efficient under stronger input ground acceleration. This may be attributable to a decrease in the passive resistance at the toe of the wall under greater outward inertial force induced by the self-weight of passive soil wedge. Figure 11 shows the D/H vs. `kh: relationships for the Tanata wall under A = -0.9, -0.4, 0, 0.4 and 0.9 conditions. For all values of `A' investigated, the increasing rates of `kh: increase with an increase of D/H. In addition, the effect of D/H on the increase of `kh: is smallest when A, = 0.9, indicating that little effect on increasing can be expected when larger vertical upward inertia force is applied. It is also seen that when ' A = 0', the increase of kh c obtained by increasing the value of D/H from 0.0 to 0.1 is only 5%, indicating that for the 5.8 mhigh Tanata wall the effect of using a 0.5 m embedment of the wall on its seismic stability is rather limited. Figure 12 shows the horizontal displacement (O.) vs. D/H relationships based on the values of `lch: obtained in Fig. 10 and the 1995 Hyogo-ken Nambu earthquake record (NS component of JMA-Kobe station). It can be seen that for A = 0, the seismic displacement of the wall decreased about 18% when D/H increased from 0 to 0.1; but decreased about 47% when D/H is increased from 0.1 to 0.2. The increase of D/H beyond 0.2 for typical wall heights ranging between 4 m and 8 m is impractical.
CONCLUSIONS
Seismic displacement of a geosynthetic-reinforced soil wall with rigid panel facing (i.e., the Tanata wall) in the 1995 Hyogo-ken Nambu earthquake (ML , = 7.2) was simulating the behavior of the Tanata wall during the 1995 Hyogo-ken Nambu earthquake is adequate. This is consistent with the conclusion obtained by Tatsuoka et al. (1998) in the post Hyogoken Nambu earthquake investigation on the same wall. (3) The use of peak vertical-to-horizontal ground acceleration ratio obtained from the seismograms of the 1995 Hyogo-ken Nambu earthquake similar to that suggested by Stewart et al. (1994) and Ling and Leshchinsky (1998) resulted in an overestimation of the seismic displacement of the wall to a large extent.
(4) The effect of wall embedment ( = 0.5 m) on the seismic displacement of the Tanata wall is relatively small compared to the seismic displacement calculated when the embedment depth of the wall is neglected. In the present study, possible effects of resonance and phase difference between the wedges on the seismic displacement of the Tanata wall were ignored. To take into account the above-mentioned effects, further experimental evidences on the seismic behavior of the wall in relation to the frequency contents of the input seismographs are necessary.
